The microwave and millimeter wave spectra of two isotopically substituted species of monothio formic acid, H13COSH and HC18OSH. have been investigated. Over 60 rotational transitions in the ground vibrational state have been assigned and measured for both the eis and trans thiol rotamers. HC(:0)SH. of each isotopic species. Rotational constants and quartic centrifugal distortion comstants of H13COSH and HC18OSH have been determined from the observed spectra. These data have been combined with previously published results on HCOSH, DCOSH. HCOSD and HC034SH to obtain complete substitutions structures for the planar eis and trans rotamers of HC(:0)SH. All of the in-plane bond angles as well as the SH distance are significantly different for the two rotamers. For the eis rotamer the HSC and HCS angles increase by more than 2°, the OCS angle decreases by more than 3°, and the SH bond shortens compared to the trans rotamer geome try. The eis structure is: r(C-H) = 1.104± 0. 
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I. Introduction
Over the past two decades, microwave spectro scopy has provided a wealth of diverse information on the phenomenon of rotational isomerism in small molecules 2. Unfortunately, in only a few instances has the complete molecular structure of each rotameric form of such a molecule been precisely determined. Aside from their intrinsic interest to the physical chemist, accurate geometrical structures of rotational isomers have become of increasing importance in recent years due to the systematic investigation of conformation-related problems by quantum chemists3. It has been shown that both ab initio 4 and semi empirical 5 calculations of tor sional potential energy curves, dipole moments, etc. are a sensitive function of molecular geometry. curate structures for each form of a molecule that occurs as two or more rotational isomers is thus highly desirable. Monothioformic acid exists in two distinct iso meric forms6 which are the planar eis and trans rotamers of the thiol configuration, HC(:0)SH. In a series of papers we have presented the spectra of the four isotopic species HCOSH, DCOSH, HCOSD and HC034SH. together with their rotational and centrifugal distortion constants. These data enabled us to derive a preliminary molecular struc ture for each rotamer. Stark effect measurements on HCOSH, DCOSH and HCOSD gave precise values for the electric dipole moment components of each rotamer. The change in the magnitude of the dipole moment components upon isotopic substitution has been used to determine the direction of the electric dipole moment9. Finally the energy difference be tween the ground vibrational states of the trans and eis rotamers was determined from relative intensity measurements. The ground state of the eis rotamer is higher by 231.3(6) cm-1 than that of the trans rotamer.
We have undertaken to investigate the vibrational ground state spectra of the two remaining singly substituted isotopic species, H13C (:0)SH and H C(:lf,0)SH. The aim of these measurements was twofold: firstly, it is desirable to obtain a complete substitution structure, since internuclear distances between related molecules are best compared by using substitution structures. Secondly, we wanted to provide for monothioformic acid a complete set of experimentally determined, precise molecular parameters which can be used as a firm basis in future theoretical model calculations.
II. Experimental Procedures
The rotational spectra of H13COSH and HC18OSH were observed using samples which had been en riched with carbon-13 and oxygen-18 respectively. Except for the use of the appropriately labelled formic acid as starting material these samples were prepared following exactly the previously described procedure 7. This preparation was slightly modified from that described first by Engler and Gattow in 1972 10. Formic acid enriched in carbon-13 by 90% was purchased from Merck Sharp and Dohme Canada Limited, while formic acid enriched in oxygen-18 by ~40% was purchased from Stohler Isotope Chemicals, Mass., U.S.A. In both cases the enriched formic acid was used without further puri fication.
The microwave and millimeter wave spectrometers and their mode of operation have been described previously 7. All frequency measurements were made at room temperature with sample pressures of less than lOmTorr. The accuracy of these measurements is estimated to be better than ± 30 kHz.
III. Rotational Spectra and Assignment
The two isotopic species of monothioformic acid studied int his work, H13C(:0)SH and HC(:180)SH, like the other isotopes of this molecule which have been previously investigated ' ' 8, exhibit both strong a-and 6-type rotational spectra. The assignment process was straightforward and was carried through following the usual bootstrap procedure Over 60 transitions have been measured and as signed for both the eis and trans rotamers of each of the two isotopic species. These transitions were selected from amongst the much larger number of observable lines in such a way as to provide a nearly uniform sampling of the accessible branches. Figure 1 shows an X-band survey spectrum of a monothioformic acid sample enriched in carbon-13 by ~ 90%. Only a few selected absorption lines have been identified in the figure, although most of the strong transitions which fall in this region have been assigned. The important 101 -000 absorption lines of eis-and Zrans-H13C( :0)SH fall just above 11.6 GHz and are strikingly similar in appearance to those of the H C (:180)SH species and the parent isotopic species. (For comparison see Fig. 1 of Re ference 7.) This is illustrated more clearly in Fig. 2 which compares in greater detail the spectra of car bon-13 (-9 0 % ) and oxygen-18 (~40% ) labelled HCOSH samples near the position of the l 0i -000 lines in the 11.0 -11.9 GHz region. These two spectra may be compared with similar recordings of the microwave spectra of HCOSH, DCOSH and HCOSD presented in Fig. 3 of Reference 8.
The characteristic features of the monothioformic acid spectrum may be summarized. Firstly, it has been found that for all of the isotopically substituted forms studied, the frequency shift of the 101 -000 transitions is largest for H C (:180)SH. Furthermore the 101 -000 transitions of eis-and trans-monothio- ig. 3. Molecular structures of the two abundant isomers of monothioformic acid. On going from the trans to the eis rotamer the CSH and the HCS angles increase by more than two degress whereas the OCS angle decreases by 3.4°. The SH bond length shortens by 0.02 A. 151200 055 -0 024 151499 983 -0 028 13 ( 6 7) 12 C 6 6) 151200 055a -0 024 151499 983a -0 028 13 ( 7 7) 12 ( 7 6) 151201 684a -0 116 151503 671a -0 089 13 ( 7 6) 12 ( 7 5 176840 551a -0 000 16 ( 5 11) 15 ( 5 10) 176840 S51a -0 028 a Not included in the fit. formic acid occur always as a fairly closely spaced "doublet", in which the 101 -000 transition of the eis rotamer occurs for all isotopic species, with the exception of HCOSD, at slightly higher frequencies than the corresponding transition of the trans rota mer.
IV. Centrifugal Distortion Analysis
The measured rotational transition frequencies of eis-and *ra/Js-H13C (:0)SH and H C(:180)SH were analysed using the reduced Hamiltonian reported by Watson 11 in which R6 is set equal to zero. The analysis was performed in the Ir axis representation so that the Hamiltonian may be written as
(1) where P, Pa , P^, and Pc are the operators for the total angular momentum and its components along the principal inertial axes. The parameters A, B and C are Watson's reduced rotational constants and the deltas are the quartic centrifugal distortion constants.
An iterative least squares procedure12 was used to fit the observed spectra to the above Hamiltonian. To ensure that the results would not be seriously biased by the neglect of higher order distortion terms from the Hamiltonian, the data sets were restricted 7' 8 to include only transitions with J less than 25 and Ka less than 7. The observed and cal culated transition frequencies are listed in Tables I  and II, the spectroscopic constants are given in  Table III .
Tables IV and V contain values of the rotational constants and centrifugal distortion constants for alternative formulations of the rotational Hamil tonian. These parameters, and their calculation from the spectroscopic constants (Table III) , have been discussed in detail previously 7" 12, 13. Watson's determinable parameters n , which are invariant to a unitary transformation, are reported in Table IV . The constants presented in Table V were obtained by application of the planarity constraints (case 1 of Reference 12) .
V. Molecular Structure
The moments of inertia and the inertial defect of each of the isotopic species of monothioformic acid investigated to date are collected in Table VI . These numbers were calculated from the Kivelson and Wilson 14 rotational constants, a , ß', y', reported in Table V , of this paper, Table V of Ref. 7 and Table  IX where AI(J = hj -Ig is the change in the gth moment of inertia on isotopic substitution and /x is the re duced mass. Since the 6-coordinate of the sulfur atom in each rotamer was found to be less than the minimum distance (0.15 Ä) that Costain 16 has sug gested can be safely determined by Kraitchman's equations, it was recalculated using the centre of mass condition 2>i&« = 0 . (3) i Final values for the various coordinates are pres ented in Table VII . The uncertainty in these num bers due to measurement error in the rotational constants is less than one digit in the last significant figure in every case. However it is well known that vibrational effects can unfortunately cause substitu tion coordinates to differ from the equilibrium, re, The error limits reported in Table VII , for all co ordinates except b(S), were calculated using Eq. (4) with Schwendeman's value of Ö(AI). The error limits on b (5) were obtained by propagation of er rors through the center of mass relation. Equations (2) are strictly valid only for a rigid planar molecule. Since the relation Ic -If, -Ia = 0 is also valid for such a molecule, Eqs. (2) may be rewritten in terms of (l/,, Ic) or (la , l c). For the purpose of calculating an rs structure from ground state moments of inertia there does not appear to be any reason to presume that one form of Kraitchman's equations is inherently better than the other two. Consequently the structures of cisand irans-HC ( :0)SH were also determined using the two alternative formulations of Equations (2). In each instance the small sulfur 6-coordinate was obtained by applying the center of mass relation. The resulting bond lengths and angles for all of the structures are summarized in Table VIII . The ob served variations in the structural parameters ob tained for each rotamer by the different methods are compatible with the error estimates determined using the "Costain Rule".
A majority of the rs structures reported in the literature for planar molecules to date have been calculated using only one set of moment of inertia data. Normally, the (la , If,) data has been the pre ferred set, although in some instance, where only approximate l n values could be obtained, structures calculated from (lb, Ic) have been published. Thus, 1 1 1 6 Table VIII.  eis  (lb ,1c) {la, Ic) {Ia, lb) Substitution structure, of cis- a In each case the small b-coordinate of the sulfur atom has been fixed using the cen ter of mass relation, b The error limits on the struc tural parameters calculated from the (Ia , lb) data were obtained by propagation of the errors given in Table VII. for the purpose of comparison with other molecules, the structures obtained in this work from (Ia , lb) should be the appropriate ones. These structures are illustrated in Figure 3 .
VI. Discussion
The structures determined for the two rotamers of monothioformic acid in this work differ signifi cantly from each other. Similar differences were ob served between the preliminary structures reported earlier8. A qualitative explanation for these dif ferences in terms of nonbonded forces has been presented 8 and will not be repeated here.
The bond lengths and angles determined for the formyl group in monothioformic acid and a number of related molecules are compared in Table IX . Only structures determined by microwave spectroscopy (preferably rs structures) have been included in Table IX in order to avoid the model problems en countered when structures determined by different techniques are compared 33. The range in values of the formyl group parameters is seen to be very small: discounting the acetaldehyde r0 structure Ar(C = 0) = 0.038 A, z lr(C -H ) = 0.013 A, zl<!C (HCO) = 5.7° and J<£(OCX) = 5.3°. Nonetheless, there do appear to be some definite trends to the variations in at least the first three of these parameters. The molecules have been or ganized in Table IX according to C = 0 bond length, from smallest (HCOF) to largest (Jrans-CH^CHCO). It will be noted that this is roughly equivalent to a listing based on increasing C -H bond length or decreasing HCO angle. Furthermore, the observed changes are strongly correlated with the electro negativity of the substituent X: electron attracting substituents shorten the C = 0 and C -H bonds and increase the HCO angle, while electron donating groups have the opposite influence. The explanation for this behaviour likely involves both inductive effects 22 and contribution from resonance structures such as 34, 35 o + o -/ / / / H -C or H -C \ Xx + 1 1 1 8 must also play a role in the CS bond shortening. Some double bond character in the CS bond in HC(:0)SH is also to be expected on the basis of the observed planarity of both rotamers. Lastly, the variation in the HSX bond angles reported in Table X would appear to be due largely to steric repulsions.
